A crystallographic study and theoretical analysis of the structural and La/Y site preferences in the La 5-x Y x Si 4 (0 ≤ x ≤ 5) series prepared by high-temperature methods is presented. At room temperature, La-rich La 5-x Y x Si 4 phases with x ≤ 3.0 exhibit the tetragonal Zr 5 Si 4 -type structure (space group P4 1 2 1 2, Z = 4, Pearson symbol tP36), which contains only Si-Si dimers. On the other hand, Y-rich phases with x = 4.0 and 4.5 adopt the orthorhombic Gd 5 Si 4 -type structure (space group Pnma, Z = 4, Pearson symbol oP36), also with Si-Si dimers, whereas Y 5 Si 4 forms the monoclinic Gd 5 Si 2 Ge 2 structure (space group P2 1 /c, Z = 4, Pearson symbol mP36), which exhibits 50% "broken" Si-Si dimers. Local and long-range structural relationships among the tetragonal, orthorhombic, and monoclinic structures are discussed. Refinements from single crystal X-ray diffraction studies of the three independent sites for La or Y atoms in the asymmetric unit reveal partial mixing of these elements, with clearly different preferences for these two elements. Firstprinciples electronic structure calculations, used to investigate the La/Y site preferences and structural trends in the La 5-x Y x Si 4 series, indicate that long-and short-range structural features are controlled largely by atomic sizes. La 5d and Y 4d orbitals, however, generate distinct, yet subtle effects on the electronic density of states curves, and influence characteristics of Si-Si bonding in these phases. , also with Si−Si dimers, whereas Y 5 Si 4 forms the monoclinic Gd 5 Si 2 Ge 2 structure (space group P2 1 /c, Z = 4, Pearson symbol mP36), which exhibits 50% "broken" Si−Si dimers. Local and long-range structural relationships among the tetragonal, orthorhombic, and monoclinic structures are discussed. Refinements from single crystal X-ray diffraction studies of the three independent sites for La or Y atoms in the asymmetric unit reveal partial mixing of these elements, with clearly different preferences for these two elements. First-principles electronic structure calculations, used to investigate the La/Y site preferences and structural trends in the La 5−x Y x Si 4 series, indicate that long-and short-range structural features are controlled largely by atomic sizes. La 5d and Y 4d orbitals, however, generate distinct, yet subtle effects on the electronic density of states curves, and influence characteristics of Si−Si bonding in these phases.
■ INTRODUCTION
The RE 5 Si 4 and RE 5 Ge 4 compounds (RE = rare earth metal) were first discovered by Smith et al., 1, 2 who later reported that all RE 5 Ge 4 compounds (RE = La−Nd, Sm, Gd−Tm, Lu, and Y) crystallized in the orthorhombic Sm 5 Ge 4 -type structure, 3 whereas the RE 5 Si 4 compounds crystallized in either the tetragonal Zr 5 Si 4 -type structure for phases with RE = La−Nd or the orthorhombic Gd 5 Si 4 -type structure for those with RE = Sm, Gd−Er, and Y. 3 After approximately 30 years of dormancy, these RE 5 T 4 compounds and their pseudobinary, ternary, and other multicomponent analogues have become a goldmine for investigations in materials science, condensed matter physics, and solid state chemistry. Besides providing numerous opportunities to uncover fundamental structure−property relationships, these compounds have also produced practical materials, based on the discovery of a giant magnetocaloric effect (MCE) in Gd 5 Si 2 Ge 2 in 1997, along with other extraordinary magnetic properties, such as colossal magnetostriction and giant magnetoresistance. 4−13 Among investigations on RE 5 T 4 systems (T = element from groups 13−15), most have focused on the pseudobinary mixed silicide-germanide RE 5 (Si x Ge 1−x ) 4 systems, many of which adopt at least three different crystal structures as the Si:Ge ratio varies.
14 These studies have uncovered some intriguing relationships among chemical compositions, crystal structures, and properties, but all reveal the importance of the purity of the elements used to prepare these compounds. For example, in 2004, Pecharsky et al. found that Y 5 Si 4 crystallizes in the monoclinic Gd 5 Si 2 Ge 2 -type structure, 15 rather than the orthorhombic Gd 5 Si 4 -type. In RE 5 (Si x Ge 1−x ) 4 systems, interstitial impurities, for example, carbon atoms, typically stabilize the orthorhombic Sm 5 Ge 4 -type or Gd 5 Si 4 -type crystal structures in the range of concentrations where the monoclinic Gd 5 Si 2 Ge 2 -type structure was found to be stable when high purity Gd was used to prepare the compounds. 15−17 In addition, these light atom impurities, such as H, C, N, and O, can even eliminate any magneto-structural transformations.
On the other hand, much fewer pseudobinary (RE x RE′ 1−x ) 5 Si 4 and (RE x RE′ 1−x ) 5 Ge 4 systems have been explored. In these mixed rare earth systems, a primary goal has been to examine the effect of chemical pressure exerted by different combinations of rare earth metals on magnetoresponsive behavior, rather than any structural influences. Nonetheless, in the germanide system, (La x Gd 1−x ) 5 18 Throughout the entire series, the larger La atoms preferentially occupy atomic sites that have noticeably larger bond distances with Ge. In the (Y x Gd 1−x ) 5 Ge 4 system, on the other hand, a new monoclinic U 2 Mo 3 Si 4 -type structure occurs for certain Yrich compositions. 19 Furthermore, analysis of site occupancies of the metal atom positions indicated that Y atoms prefer sites which show the shortest metal−metal contacts. Similar results have been obtained for (Lu x Gd 1−x ) 5 4 , where x = 0, 1.0, 2.0, 3.0, 4.0, 4.5, and 5.0, were prepared by arcmelting about 1.0 g mixtures of the constituent elements under an argon atmosphere on a water-cooled copper hearth using high purity yttrium and lanthanum obtained from the Materials Preparation Center of Ames Laboratory (The major metal atom impurity in La and Y is Ce, at a level less than 1 ppm by mass; the major nonmetal impurity is F, which is analyzed at a level less than 5 ppm by mass). Silicon (99.9999 wt %, Alfa Aesar) was used as purchased. Each arcmelted pellet was turned over and remelted six times to ensure homogeneity; subsequent weight losses during melting were less than about 0.1 wt %. After reaction, every product yielding a tetragonal phase was broken into halves: one-half was submitted directly for characterization; the other half was sealed in a tantalum tube in an argon atmosphere, then jacketed in evacuated silica tubes, and subsequently annealed at 1000°C for 24 h. After annealing, the tubes were quenched in cold water. All products remained stable toward decomposition after storage in air for several months.
Phase Analysis by Powder X-ray Diffraction. Powder X-ray diffraction patterns for as-cast and annealed samples were collected using a Huber 670 Guinier camera with monochromated CuK α radiation (λ = 1.54187 Å) at room temperature. The step size was set at 0.005°, and the exposure time was 1−2 h. Data acquisition was controlled via the in situ program. To investigate the purity and homogeneity of all samples, all diffraction patterns were analyzed by Le-Bail refinement using the LHPM Rietica software. 26 Only the scale factors, peak profiles, backgrounds, and lattice parameters of the La 5−x Y x Si 4 phases in each sample were refined, using Si powder (NIST; a = 5.430940 ± 0.000035 Å) as a calibration standard. All values were in good agreement with the results from single crystal Xray diffraction.
Structural Analysis by Single Crystal X-ray Diffraction. Several single crystals from the as-cast samples were glued on the tips of glass fibers. Room temperature intensity data were collected on a Bruker Smart Apex CCD diffractometer with Mo K α radiation (λ = 0.71073 Å) and a detector-to-crystal distance of 5.990 cm. Data were collected over a full sphere of reciprocal space by taking three sets of 606 frames with 0.3°scans in ω and with an exposure time of 10 s per frame. The range of 2θ extended from 4°to 57°. The data were acquired using SMART software.
27 Data integration and cell refinement was carried out with the SAINT+ program. 28 Empirical absorption correction was done with the SADABS software. All VASP calculations were performed using projector augmentedwave (PAW) pseudopotentials. 36 A 7 × 7 × 7 Monkhorst-Pack kpoints grid was used to sample the first Brillouin zone for reciprocal space integration. 37 The energy cutoff of the plane wave basis was 245 eV. With these settings, the total energies converged to less than 1 meV per unit cell.
TB-LMTO-ASA calculations were carried out to examine the orbital interactions via analysis of electronic densities of states (DOS) and crystal orbital Hamilton population (COHP) curves. 38 For these calculations, the von Barth−Hedin local density approximation 39 was employed for the treatment of exchange and correlation energy. All relativistic effects except spin−orbit coupling were taken into account using a scalar relativistic approximation. 40 The basis set included La 6s, 6p, and 5d orbitals, Y 5s, 5p, and 4d orbitals, and Si 3s, 3p, and 3d orbitals. The La 6p, Y 5p, and Si 3d orbitals were treated by the Loẅdin downfolding technique. 41 The Wigner−Seitz radii of the atomic spheres were 1.858−2.074 Å for La and Y, and 1.485−1.503 Å for Si, values which filled the unit cell with about 8.37% overlap without introducing any empty spheres. A total of 256 (8 × 4 × 8) kpoints in the irreducible wedge of the orthorhombic first Brillouin zone were used for integration. 25, 42 For La 2 Y 3 Si 4 and La 3 Y 2 Si 4 samples, the impurity phase is much less distinctive, and their diffraction peaks are very broad and cannot be unambiguously indexed. In the following, therefore, we describe results derived from just the majority phases extracted from as-cast samples. The refined lattice parameters obtained from the majority phases from La 5−x Y x Si 4 by powder X-ray diffraction are listed in Table 1 .
The unit cell volumes decrease linearly with increasing Y content, in agreement with the smaller size of Y as compared to La. 43 There is also very good agreement with Zen's law, 44 which is a linear relationship between unit cell volume and chemical composition, along the entire range.
Single crystal diffraction was used to refine atomic parameters in many of these phases. The crystallographic data, atomic positions, site occupancies, and isotropic displacement parameters obtained by single crystal X-ray diffraction from samples extracted from each as-cast product are listed in Tables 2 and 3 . The tetragonal Zr 5 Si 4 -type and orthorhombic Gd 5 Si 4 -type structures both have three crystallographically independent sites for La or Y atoms, all of which show similar chemical environments, which we have labeled accordingly as "M1", "M2", and "M3" to correspond with the numbering scheme in Table 3 (M = La, La/Y, or Y). The monoclinic structure of Y 5 Si 4 has five independent metal atom sites, but their environments closely resemble those from the orthorhombic structure, so we have labeled the Y atoms according to their coordination resemblances, which are determined by constructing convex polyhedra around each site. The M1 sites have coordination number (CN) 18 with 7 Si and 11 rare earth atoms in the coordination shell. The M2 sites have a lower CN 16 with 6 Si and 10 rare earth atoms. The M3 positions have the even lower CN 14 with 6 Si and 8 rare-earth neighbors. In accordance with these coordination numbers, the volumes associated with each "M" site, as evaluated by the program DIDO95, 45 show that the M1 and M2 site volumes are, respectively, 17−20% and 3−6% larger than the M3 site volume. As Table 3 also summarizes, each structure shows various inequivalent crystallographic sites for the Si atoms, although they all show CN 9 created by tricapped trigonal prisms formed by 8 La/Y atoms and 1 capping Si atom. Finally, the refined compositions, which are listed in Table 2 and calculated from site occupancies presented in Table 3 , are in excellent agreement with the loaded compositions Although the three crystal structure types exhibit similar atomic coordination, the structures are distinct in two different ways: (1) as networks of M3-centered polyhedra; and (2) structures and connectivities associated with the silicide groups. Figure 1 illustrates the difference between the tetragonal and the orthorhombic/monoclinic structures from the perspective of the network of M3-centered polyhedra. All three structure types have the same building block, which is a (M3)M 8 cube (M3-centered cube of rare-earth atoms made of M1 and M2 atoms) with each face capped by Si atoms. Moreover, each of these (M3)M 8 cubes is linked to four adjacent cubes by sharing edges, but they differ in the orientation of these shared edges. In the tetragonal Zr 5 Si 4 -type structure, the (M3)M 8 cubes form a three-dimensional network with 4 1 screw axes. The network is created by each (M3)M 8 cube sharing pairs of orthogonal cubic edges with its four neighboring (M3)M 8 cubes. In orthorhombic Gd 5 Si 4 -type and monoclinic Gd 5 Si 2 Ge 2 -type structures, on the other hand, the (M3)M 8 cubes are condensed via four parallel edges to create planar slabs extending in the a-and c-directions. These layers stack along the crystallographic b-axis.
From the perspective of the silicide substructure, the three structure types also differ. In the tetragonal and orthorhombic structure types, which occur for La 5 Here, the Si2−Si3 distance is 2.573(2) Å, but one set of Si1−Si1 dimers (Si1a−Si1a) connects adjacent layers at 2.494(6) Å. Another set of Si1−Si1 "dimers" (Si1b− Si1b) exhibit a nonbonded distance of 3.388(7) Å.
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Coloring Problem in La 5−x Y x Si 4 . The coloring problem, better known as the "four-color problem" in mathematics, describes the distribution of different elements over various independent sites in a structure when it is applied in chemistry. 47 Although electronic and geometric factors often dictate atomic distributions, the entropy contribution to the 4 , we constructed different computational models for tetragonal "La 4 YSi 4 " and orthorhombic "LaY 4 Si 4 ,"according to the results obtained from the refinements of powder and single-crystal X-ray diffraction. Fragments of these models are illustrated in Figures 3 and 4 . Of the three tetragonal models for "La 4 YSi 4 ," models (A) and (B) involve breaking the equivalence of the M1 (8b) and M2 (8b) sites in space group P4 1 2 1 2 by placing 4 La and 4 Y atoms among each of these 8 positions in the unit cell. Model (C) has Y atoms at the M3 (4a) sites, which requires no adjustment of the space group. In Models (B) and (C), there are only La−Y near neighbor contacts; Model (A) includes Y−Y near neighbor contacts, too. Likewise, the distribution of La atoms in orthorhombic "LaY 4 Si 4 " breaks equivalences of sites in space group Pnma when La occupies the M1 or M2 sites, as seen in Models (A1), (A2), (B1), and (B2). Furthermore, (A2) removes the mirror plane contained by each layer. As for the tetragonal cases, these models differ in the types of metal− metal close contacts. Just model (C) has only La−Y near neighbor contacts; in the remaining models, there are La−La near neighbor contacts, but they occur with different distance values, which are included in Figure 4 .
To compare these coloring schemes, first principles calculations using the VASP code were completed, and the calculated total energies per formula unit (f.u.) are included in Figures 3 and 4 . These results are consistent with refined site occupancies from single crystal diffraction experiments. Among the tetragonal examples, Y prefers the M2 and M3 sites, with a slight energetic preference for the M3 position. In addition, Y seeks to maximize a heterometallic environment, rather than to include other Y atoms in its coordination sphere. On the other hand, among the orthorhombic cases, La seeks out the M1 site, showing preference for a distribution that maximizes near neighbor La−La distances. Although placing La at the M3 sites eliminates close contacts between La atoms, this site is too small for the larger La atom.
Although replacing La atoms by smaller Y atoms leads to the gradual structural transition in the La 5−x Y x Si 4 system, the coloring problems in tetragonal La 4 YSi 4 and orthorhombic LaY 4 Si 4 can be explained by conventional geometrical factors. 14, 15 We summarize the average M−M near neighbor distances in the La 5−x Y x Si 4 phases characterized by single crystal diffraction in Table 4 . Not only do these distances decrease according to the sequence M1-M, M2-M, and M3-M, but they become smaller with increasing Y content. Therefore, the smaller atom Y prefers to occupy M3 sites, then the M2 sites, whereas the larger atom La prefers the M1 sites, regardless of structure-type. (Pearson symbol tP36) ; orthorhombic (oP36); and monoclinic (mP36). To construct the models for these calculations, we used the experimental structures of La 5 Si 4 (tP36), Gd 5 Si 4 (oP36), and Y 5 Si 4 (mP36), and simply varied the unit cell volume while keeping the structural shape intact. Figure 5 illustrates the three E(V) curves for each compound; calculated values of relative total energies for each structure type are fit to the Murnaghan equation of state. 51 Table 5 summarizes the equilibrium unit cell volumes and relative total energies for each compound in the three structure types.
Structural Transition in La
The results in Figure 5 and Table 5 lead to the following inferences: (1) in agreement with experiment, La 5 Si 4 prefers the tetragonal structure, Y 5 Si 4 slightly prefers the monoclinic structure, but the orthorhombic Gd 5 Si 4 is energetically competitive; (2) the ground state volume for La 5 Si 4 is larger than for Y 5 Si 4 , in accordance with the relative atomic sizes of La and Y; (3) the equilibrium volumes for the three structure types tend to increase along the sequence orthorhombic-monoclinictetragonal for both cases; and (4) preference for the tetragonal structure increases at higher volumes (and, thus, lower pressures), whereas the orthorhombic and monoclinic structures are preferred at lower volumes (higher pressures). The fourth conclusion arises by examining the E(V) curves for La 5 Si 4 and Y 5 Si 4 away from their equilibrium volumes. From the computational perspective, the agreement between experimental and computational equilibrium volumes is extraordinary, with the computed volumes slightly larger than experimental volumes, a result which can be attributed to the PBE pseudopotentials 52 used by VASP and has been observed in other reports also. 53, 54 Further computational studies are currently underway to examine the complex interplay among structure type preference, chemical composition, and metal atom distributions. Nonetheless, the structural differentiation in the La 5−x Y x Si 4 series seems to be dominated by size factors that affect the packing of the building blocks, (M3)M 8 Si 6 units (see Figure 1) ) and indicates two electrons assigned to the conduction band. Thus, in Y 5 Si 4 , the numbers of dimers as well as valence electrons available for metal−metal bonding in the conduction band decrease after replacing La entirely by Y. Since the total number of valence electrons remains constant, these changes reflect redistribution of the valence electron density. As shown in Figure 5 and Table 5 , the energy differences between the orthorhombic and the monoclinic structures are rather small, so it is, indeed, reasonable that some impurities, especially carbon, could stabilize one structure over the other. Figure 4 ), and monoclinic Y 5 Si 4 were calculated using the TB-LMTO-ASA code, analyzed, and illustrated in Figure 6 . All total DOS curves share some similar features, the most noticeable of which are narrow bands, which are largely Si−Si σ 3s and σ 3s * orbitals, located 6.5−9.0 eV below the corresponding Fermi levels (E F , 0 eV). In monoclinic Y 5 Si 4 , there are three distinct Si−Si "dimers," which have distances 2.494(6) Å (Si1a−Si1a), 2.573(2) Å (Si2−Si3), and 3.388(7) Å (Si1b−Si1b), the last of which is rather long to be considered a "covalently bonded" Si 2 dimer. The effect of this extension is the presence of two additional peaks lying between the Si−Si σ 3s and σ 3s * orbitals of the two shorter dimers. The conduction bands all begin about 4 eV below the Fermi levels. The lower, occupied portions are mostly derived from Si 3p orbitals, but Si's contribution drops significantly for states within about 0.5−0.7 eV below E F . In the cases including Y, that is, tetragonal La 4 YSi 4 , orthorhombic LaY 4 Si 4 , and monoclinic Y 5 Si 4 , below E F there are deep pseudogaps at the energies where this Si contribution changes abruptly. In the DOS curve for La 5 Si 4 , the pseudogap is less distinct, and the change in Si 3p contribution is more gradual. Interestingly, these pseudogaps in the DOS curves correspond to 28 valence electrons per RE 5 Si 4 unit, which can be formally assigned to two 14-electron (Si 2 ) 6− units. Among the occupied states in the DOS curves, the Si−Si COHP curves reveal weak antibonding orbitals, which would correspond to π* orbitals of these 14-electron dimers. However, the site symmetry of these Si−Si dimers is quite low, so complete decomposition of the DOS into the dimer orbitals does not occur. Above the pseudogaps, there are greater contributions from valence s and d orbitals of La or Y, with orbitals from the M3 sites participating greatest at the Fermi levels.
Electronic Effects in La
At present, there are no immediate clues from the electronic DOS or COHP curves of La 5−x Y x Si 4 to suggest electronic factors driving the change in crystal structure along the series. Nonetheless, there are some subtle effects in the crystal structures, which affect the electronic structures that deserve attention. The most noticeable characteristic among the DOS curves, again, is the deep pseudogap in the occupied portion of the conduction band for the Y-containing examples. In all three of these cases, Y occupies the M3 site, which sits inside a distorted cube of metals and is surrounded by a distorted octahedron of Si atoms. This pseudogap in the DOS curves calculated by placing Y atoms in the other sites, M1 or M2 sites (see Figures 3 and 4) becomes less sharp, but remains noticeable. This result also emerges regardless of the computational method; similar DOS curves resulted from using VASP as well as TB-LMTO-ASA codes.
To obtain a preliminary assessment of the subtle differences between La and Y, bandwidths of specific regions of the electronic DOS curves of tetragonal La 5 Si 4 , tetragonal La 4 YSi 4 (model 3, Figure 3) , and orthorhombic LaY 4 Si 4 (model A1, Figure 4 ) were evaluated at three different volumes; these results are listed in Table 6 . 
